A polymorphic trinucleotide repeat (CGG/GCC) within the human Reelin gene (RELN) was examined as a candidate gene for autism spectrum disorders (ASDs). This gene encodes a large extracellular matrix protein that orchestrates neuronal positioning during corticogenesis. The CGG-repeat within the 5Ј untranslated region of RELN exon 1 was examined in 126 multiple-incidence families. The number of CGG repeats varied from three to 16 in affected individuals and controls, with no expansion or contraction observed during maternal (n ‫؍‬ 291) or paternal (n ‫؍‬ 287) transmissions in families with autistic probands. Although the frequencies of the RELN alleles and genotypes in affected children were not different from those in the comparison group, a family-based association test (FBAT) showed that the larger RELN alleles (Ն11 repeats) were transmitted more often than expected to affected children (S ‫؍‬ 43, E(S) ‫؍‬ 34.5, P ‫؍‬ 0.035); this was particularly the case for the 13-repeat RELN allele (S ‫؍‬ 22, E(S) ‫؍‬ 16, P ‫؍‬ 0.034). Affected sib-pair (ASP) analysis found no evidence of excess sharing of RELN alleles in affected siblings. The impact of genotypes with large alleles (Ն11 repeats) on the phenotypes in individuals with ASD was analyzed by ANOVA in a subset of the families for which results of the Autism Diagnostic Interview-Revised were available. Children with large RELN alleles did not show any difference in scores for questions related to the core symptoms of autistic disorder, but there was a tendency for children with at least one large RELN allele to have an earlier age at first phrase ( 2 ‫؍‬ 3.538, P ‫؍‬ 0.06). Thus, although the case-control and affected sib-pair findings did not support a role for RELN in susceptibility to ASD, the more powerful family-based association study demonstrated that RELN alleles with larger numbers of CGG repeats may play a role in the etiology of some cases of ASD, especially in children without delayed phrase speech.
Autism is a neurodevelopmental disorder characterized by difficulties with verbal and non-verbal communication, impairments in reciprocal social interactions, and displays of stereotypic behaviors, interests and activities. Its etiology is considered heterogeneous, encompassing both environmental and genetic factors. Twin and family studies support a high genetic component to the etiology of autism spectrum disorders (ASDs), 1, 2 with milder abnormalities in language and social behaviour often present in extended family members. The absence of a clear Mendelian mode of inheritance and the low sibling recurrence strongly suggest that autism is a multi-locus disorder, with 3-15 1, 3 or more 4 genes involved. Standard procedures are being used to identify the culprit genes, including both genome scans and screening of candidate genes. Large-scale full and partial genome scans are being undertaken by several groups using affected relative pairs, with results pointing to several regions of potential interest; most of these have identified the long arm of chromosome 7 as a strong candidate region. 5 The genome scan results are sufficiently compelling to support screening candidate genes mapping to the long arm of chromosome 7 as susceptibility loci. Among the genes of interest is the reelin (RELN) gene, which maps to 7q22. RELN encodes a large extracellular glycoprotein secreted by neurons occupying the most superficial layers of the brain, including the Cajal-Retzius cells in the neocortex and hippocampus, and cells in the external germinal layer of the cerebellum during central nervous system development. 6 Reelin directs cortical layer formation by acting on migrating target cells, such as cortical plate neurons in the cerebral cortex and Purkinje cells in the cerebellum, through its interaction with the adaptor protein dab1. 7 Reelin is also expressed in the postnatal and adult brain, well after neuronal migration is completed, 8, 9 with high expression in the hippocampus, cerebellum, olfactory bulb, and entorhinal cortex. Since reelin has been shown to be required for maturation of neuronal processes and synaptic remodeling, it has been suggested that the reelin signaling pathway is also important in growth and remodeling in the adult brain. 7, 10 Mutations in the RELN gene have been associated with lissencephaly and cerebellar hypoplasia due to abnormal levels of reelin expression. 11 Reelin mRNA and protein levels have also been found to be significantly lowered (Ϸ50%) in postmortem brains of patients with schizophrenia 12, 13 and it has been suggested that reduced reelin expression may be associated with decreased numbers of dendritic spines also reported in this psychiatric disorder. 10 Although autism is a behaviorally defined disorder, neuroanatomic observations have identified abnormalities in some areas of the brains of individuals with autism, including reduced neuronal cell size and increased cell-packing density in some areas of the forebrain, including the hippocampus, subiculum, entorhinal cortex, amygdala, and anterior cingulate cortex.
14 In addition, decreased numbers of Purkinje cells have been found in the vermis and cerebellar hemispheres in autistic patients. 15 Strikingly, these abnormalities overlap with some of the areas where reelin protein functions during early brain development. 8 Taken together, the importance of reelin during growth and remodeling of the postnatal brain and the apparent immaturity of the brain in young individuals with autism make RELN an attractive candidate gene for ASD.
Recently, Persico et al 16 reported their findings on markers within the RELN gene, including a polymorphic CGG-repeat for which large alleles (Ն11 repeats) were more frequent in individuals with autism comMolecular Psychiatry pared to a control group. In addition, they found that these large alleles were transmitted more frequently to affected offspring than to unaffected offspring in families with a single affected child. In his review on RELN mutations in humans, Fatemi 17 reported decreased reelin levels in cerebellar homogenates from individuals with autism compared to age, sex, and post-mortem interval-matched controls, further supporting the notion that RELN is a good candidate gene for ASD.
Given the presence of a polymorphic CGG-trinucleotide repeat in the 5Ј UTR of RELN 18 and the association of expansion of similar repeats in the fragile X mental retardation-1 gene in the fragile X syndrome, 19 we proposed that instability resulting in expansion or contraction of the number of repeats in the RELN gene, or an altered distribution of alleles, might be associated with increased susceptibility to ASD. We examined the distribution of CGG-repeat 18 numbers in affected members from 126 multiple-incidence (multiplex) families (Table 1) , as well as 68 individuals with ASD in singleincidence (simplex) families (data not presented), and found no evidence for expansion of this repeat in affected individuals. In addition, there were no cases of unstable transmission of the CGG triplet repeats observed in 578 transmissions, including 291 maternal (n ϭ 124 mothers) and 287 paternal (n ϭ 121 fathers) transmissions in multiplex families, and a further 126 transmissions in simplex families. Fourteen RELN alleles, differing in the numbers of CGG-repeats (from three to 16 repeats), were observed. Two alleles, the 8-repeat allele and the 10-repeat allele, were the most common, representing 33.7% and 55.6% of cases and 39.9% and 52.3% of controls, respectively. Both the patient group and the comparison group were in Hardy-Weinberg equilibrium (data not shown). There were no significant differences in the case-control studies for either alleles (T1 2 ϭ 12.047, df ϭ 12, P ϭ 0.370) or genotypes (T1 2 ϭ 22.906, df ϭ 21, P ϭ 0.350). Further, there was no increased frequency of large (Ն11 repeats) alleles ( 2 ϭ 1.002, df ϭ 1, P ϭ 0.317) or genotypes with large alleles ( 2 ϭ 1.473, df ϭ 1, P ϭ 0.225) in affected individuals compared to the comparison group. The results were the same when the two sets of families were analyzed separately (data not shown).
Since case-control studies suffer from the difficulty of not having perfectly ethnically matched cases and controls, failure to use an appropriate control group can lead to false positive and false negative findings in tests of association and linkage. Thus, a family-based association strategy was used to determine whether specific RELN alleles were more frequently transmitted to affected offspring in the 126 nuclear families with two or more cases of ASD, using the untransmitted parental alleles as controls ( Table 2 ). The results indicated that there was a trend toward distortion of allelic transmission to affected siblings ( 2 ϭ 19.38, df ϭ 12, P ϭ 0.080). We next tested the hypothesis that large (ie Ն11 repeats) alleles were associated with increased risk for ASD, and found that these alleles were transmitted more often to affected children (S ϭ 43, E (S) ϭ 34.5, P ϭ 0.035). This was particularly the case for the 13-repeat RELN allele (S ϭ 22, E (S) ϭ 16, P ϭ 0.034).
The affected sib-pair design of the present study enabled us to determine whether there was increased allele-sharing among siblings, thereby testing for link- age of the RELN gene with a susceptibility locus for ASD. The concordance rates for paternal and maternal alleles were not significantly increased (maternal allele: 2 ϭ 0.000, df ϭ 1, P ϭ 1.000; paternal allele: 2 ϭ 0.045, df ϭ 1, P ϭ 0.831), indicating that there was no increased allele sharing. However, heterozygosity for RELN alleles was low (about 50%), with 64.5% of mothers (80/124) and 63.6% of fathers (77/121) being uninformative in the sib-pair analysis.
Since large RELN alleles were preferentially transmitted to affected offspring in the family-based association test, we hypothesized that affected individuals with RELN alleles Ն11 repeats would differ in severity of symptoms when compared to individuals with the smaller alleles. Results from the ADI-R were available for most of the affected individuals. The ADI-R algorithm summarizes scores in the four domains affected in ASD, with higher scores in each domain indicating more severe problems. Mean scores for individuals heterozygous for alleles Ն11 repeats and those homozygous for smaller alleles, respectively, were as follows for the four domains: qualitative impairments in reciprocal social interaction were 19.00 Ϯ 6.31 and 19.55 Ϯ 7.36 (F ϭ 0.097, df ϭ 1, P ϭ 0.76); verbal communication was 18.38 Ϯ 7.19 and 18.73 Ϯ 7.58 (F ϭ 0.045, df ϭ 1, P ϭ 0.83); non-verbal communication was 10.00 ± 3.74 and 9.37 ± 4.24 (F ϭ 0.255, df ϭ 1, P ϭ 0.62); and repetitive behaviors and stereotyped patterns were 5.35 ± 3.13 and 5.23 ± 2.36 (F ϭ 0.042, df ϭ 1, P ϭ 0.84). Although there were no differences in the four domains according to genotypes, it is important to note that this may be because the families that we studied were very similar in terms of the extent of impairment in the affected children. Despite this similarity in phenotypes, we did find that fewer children with at least one RELN allele Ն11 repeats were reported to have an 'age at first phrase' later than 36 months (Table 3: 2 ϭ 3.538, P ϭ 0.06). In contrast to our case-control findings, Persico et al 16 found increased frequencies of large RELN alleles (Ն11 repeats) and genotypes with large alleles in affected children from simplex families compared to controls, whereas our results only showed a tendency for large RELN alleles and genotypes to be more common among cases. However, since perfect matching of cases and controls is extremely difficult to achieve, familybased association designs and the use of programs such as FBAT 20 are often less fraught with possible falsepositive and false-negative findings. Such strategies use the untransmitted parental alleles as internal controls. Using this approach, we observed that the large RELN alleles (Ն11 CGG repeats) were transmitted more frequently to affected offspring (Table 2) , similar to the findings presented by Persico et al. 16 Although our use of affected sib-pairs ensures that we are using a more genetically homogeneous set of families than were employed by Persico et al 16 (ie multiplex families are less likely to include phenocopies), our results do not reach the statistical significance achieved by them, suggesting that the families included in the two studies may be different. Our failure to find increased allelesharing among siblings may be due to the low heterozygosity level of the triplet repeat polymorphism in the RELN gene and the low power of the model-free affected sibpair method for detecting genes of small effect in complex diseases.
The function of the CGG-repeat in the RELN gene is unknown. One possibility is that it is a binding site for regulatory proteins. For example, CAGER-1 and -2 are single strand sequence binding proteins that recognize CAG and CGG repeats respectively. 21 Co-expression of CAGER-2 with reelin expression vectors containing different repeat lengths reduced reporter expression by at least 50% (DR Grayson, unpublished data). While this has not been established in vivo, the length of the repeat might affect binding affinity and perhaps translation of the reelin transcript. Our findings of a trend towards an increased frequency of the large RELN alleles in individuals with ASD and that fewer individuals with a large RELN allele had delayed age at first phrase suggest a role for RELN in some individuals Molecular Psychiatry with ASD. However, the number of individuals with large repeat alleles was relatively small, and so this should be tested in a larger number of families.
In summary, although case-control studies did not support a role for RELN in susceptibility to ASD, the more powerful family-based association study demonstrated that RELN alleles with larger numbers of CGG repeats may play a role in the etiology of ASD, particularly in cases where there is not delayed onset of phrase speech. Given that autism is a neurodevelopmental disorder with complex genetics, further studies of the RELN gene in autism should be carried out to determine whether specific haplotypes are indeed more common in ASD, and whether these are associated with altered levels of reelin in serum as recently demonstrated by Hong et al 11 in families with recessive lissencephaly with cerebellar hypoplasia.
Methods

Subjects
Two sets of multiplex families were studied. Recruitment of Set I families (n ϭ 45) was based on the inclusion criteria described previously. 22 Briefly, the children were assessed using an extensive battery of assessments, including the Autism Diagnostic Interview -Revised 23 (ADI-R) and the Autistic Diagnostic Observation Schedule 24 (ADOS). There were 35 families with only affected sons, nine families with an affected son and one or two affected daughters, and one family with two affected daughters. DNA samples from five fathers, one mother and three affected children were not available for testing. DNA samples from Set II families were obtained from the Autism Genetics Resource Exchange (AGRE) 25 and consisted of 81 MPX families (40 families had two affected sons; 32 families had one affected son and one affected daughter; seven families had two affected daughters; one family had three affected sons; and one family had three affected daughters). The DNA sample from one mother was not available. All affected individuals were assessed using the ADI-R and ADOS. The comparison group was composed of heel prick blood spots from 177 male and 170 female anonymous neonates, obtained through the Ontario Ministry of Health, taken for the purpose of newborn PKU (phenylketonuria) testing.
Genotyping
Genomic DNA was extracted using standard procedures; in some cases, genomic DNA was obtained from dried blood spots. 26 For amplification of the RELN 5Ј UTR CGG triplet repeat region, polymerase chain reaction (PCR) was carried out using 20 ng template DNA in a 10 l reaction volume in a PTC 200 Peltier Thermal Cycler (MJ Research, Waltham, MA, USA). The reaction mixture contained 1 ϫ PCR buffer (BRL; 20 mM Tris-HCl, 50 mM KCl, 4 ϫ 200 M dNTPs, 1.5 mM MgCl 2 , 60 ng of each primer (forward: 5Ј-GTC TCC AAA ACT GAA TGA GCG AGC-3Ј; reverse: 5Ј-GCA ACA GCG CTA GGA GGA AAG TC-3Ј), 1 Ci of ␣-P 32 labeled dCTP (Mandel), and 0.5 U Taq DNA polymerase (BRL). Following a 5-min hot start at 95°C, the cycling conditions were set at: 30 s at 95°C, 45 s at 67°C, and 30 s at 72°C, for 35 cycles. Reactions incorporated ␣-P 32 labeled dCTP and the PCR products were electrophoresed on 6% denaturing polyacrylamide gels and visualized following overnight exposure of the Xray films. Allele sizes were scored against a sequencing ladder.
Statistical analysis
Hardy-Weinberg analyses were performed using the HWE program. 27 Since there were no significant differences in the allele and genotype distributions between the 177 males and 170 females in the comparison group (allele: T1 2 ϭ 8.591, df ϭ 10, P ϭ 0.690; genotype: T1 2 ϭ 16.546, df ϭ 17, P ϭ 0.600), we could neglect potential stratification biases due to sex differences and combined the male and female samples to form the comparison group.
Tests for heterogeneity of allelic and genotypic distributions were performed using the CLUMP program in the association studies, and the significance was assessed using a Monte Carlo simulation. 28 Simulation was performed as many times as necessary for the normal chi-squared values (T1) to be reached 20 or more times. The family-based association test (FBAT) 20 was applied in the analyses of allelic transmission from heterozygous parents to affected offspring with nontransmitted alleles as internal controls, considering alleles separately and as a group of alleles Ն11 repeats. The sharing of paternal and maternal alleles identicalby-descent was assessed for each sibling pair and was compared to the 50% concordance expected assuming independent segregation, using the chi-square ( 2 ) statistic. In families for which ADI-R results were available, a one-way analysis of variance (ANOVA) using SPSS 10 was done to explore genotype-phenotype correlations.
